Suspension arrays present a promising tool for multiplexed assays in large-scale screening applications. A simple and robust platform for quantitative multiprotein immunoanalysis has been developed with the use of magnetic Co:Nd:Fe 2 O 3 /luminescent Eu:Gd 2 O 3 core/ shell nanoparticles (MLNPs) as a carrier. The magnetic properties of the MLNPs allow their manipulation by an external magnetic field in the separation and washing steps in the immunoassay. Their optical properties enable the internal calibration of the detection system. The multiplexed sandwich immunoassay involves dual binding events on the surface of the MLNPs functionalized with the capture antibodies. Secondary antibodies labeled with conventional organic dyes (Alexa Fluor) are used as reporters. The amount of the bound secondary antibody is directly proportional to the concentration of the analyte in the sample. In our approach, the fluorescence intensity of the reporter dye is related to the luminescence signal of the MLNPs. In this way, the intrinsic luminescence of the MLNPs serves as an internal standard in the quantitative immunoassay. The concept is demonstrated for a simultaneous immunoassay for three model proteins (human, rabbit, and mouse IgGs). The method uses a standard bench plate reader. It can be applied to disease diagnostics and to the detection of biological threats. Ó 2007 Elsevier Inc. All rights reserved.
Multiplexed techniques are essential to satisfy the growing demands of many fields of bioanalytics, including immunology, drug screening, disease diagnosis and defense against biological threats. The ability to simultaneously measure multiple proteins in a single assay offers several advantages, such as higher throughput than single-target systems, savings in reagents and consumables, decreased sampling errors, and easy inclusion of internal controls. Current multiplexed analysis systems are divided into two classes: flat-surface (biochips) [1, 2] and suspension arrays [3] . Microbead-based assays offer several attractive aspects such as enhanced signal due to large surface-to-volume ratio, fluid-phase kinetics (which are faster than the solidphase kinetics of planar arrays), and greater precision (due to measurements of hundreds of beads for each analyte). Flow cytometry is most commonly used to read out suspension arrays [3, 4] . Multiplexed sandwich immunoassays are the most advanced assay formats among the different protein microarray applications [5] .
Most efforts that have been directed toward multianalyte immunoassays have focused on fluorescent detection using different reporters [6] , such as conventional fluorophores [7, 8] , silica nanoparticles [9] , micro/nanobeads [10, 11] , and quantum dots [12] . The widespread use of these systems in routine analysis is still impaired by the lack of suitable measurement platforms for fast and accurate multiplexed detection in a laboratory. Multicolor detection and analysis is often obstructed by the requirement of complicated excitation and/or detection schemes [7] , challenging data collection and analysis (signal deconvolution) [12] , and high background signals. In addition, fluorescence techniques rely on measurement of relative fluorescence units and require calibration to obtain reliable and comparable quantitative data.
The preparation of magnetic fluorescent particles, such as polystyrene magnetic beads with entrapped organic dyes/ quantum dots (QDs) 1 [13, 14] or a shell of QDs [15] , iron oxide particles coated with dye-doped silica shells [16] , and silica nanoparticles embedded with iron oxide and QDs [17] [18] [19] [20] have recently been reported. However, their application is limited mostly to cellular separation and imaging, drug delivery, and therapy. Only a few papers have reported the use of dual-functional nanoparticles for multiplexed quantitative bioanalysis [10, 21] . Recently we have demonstrated the use of cost-effective spray pyrolysis synthesis of bifunctional magnetic/luminescent core/shell nanoparticles with cores of paramagnetic Co:Nd:Fe 2 O 3 and shells of luminescent Eu:Gd 2 O 3 [22] . We have demonstrated their application in a new immunoassay format with an internal luminescent standard eliminating the experimental error due to particle handling. Due to their small size, the magnetic luminescent nanoparticles offer larger surface area-tovolume ratio than currently used microbeads, resulting in good reaction homogeneity and fast reaction kinetics.
In this report we present a new detection format for multiplexed analysis based on the use of magnetic luminescent Co:Nd:Fe 2 O 3 /Eu:Gd 2 O 3 nanoparticles (MLNPs). Multiplexed sandwich immunoassays for three model proteins were performed on the surface of the MLNPs. The magnetic properties of the MLNPs allowed their manipulation by an external magnetic field without the need of centrifugation and filtration. Their optical characteristics (sharp emission, photostability, long lifetime) facilitated the implementation of an internal calibration in the detection system. This introduced a unique internal quality control and easy quantification in the multiplexed immunoanalysis. The method developed here enables a direct, simple, and quantitative multiplex protein analysis using conventional organic dyes and a bench plate reader (simple laboratory equipment) that can be applied for disease diagnostics and for detection of biological threats.
Materials and methods

Reagents
Goat anti-mouse, anti-rabbit, and anti-human (H+L) antibodies were obtained from Abcam (Cambridge, MA). The antibodies were highly preadsorbed i.e., cross-reactivity among antibodies was minimal. Goat anti-mouse IgG conjugated to Alexa Fluor 660 (four dye molecules/mol protein), goat anti-rabbit IgG conjugated to Alexa Fluor 350 (five dye molecules/mol protein), and goat anti-human IgG conjugated to Alexa Fluor 488 (six dye molecules/mol protein), were purchased from Molecular Probes (Eugene, OR). Mouse, rabbit, and human IgGs and bovine serum albumin (BSA) were from Sigma (St. Louis, MO). Phosphate buffer saline (PBS) was 10 mmol L À1 phosphate buffer (pH 7.5), 0.8% saline. Phosphate buffer (PB) was 25 mmol L À1 (pH 7).
Apparatus
The magnetic bead assays and separations were performed on a MagneSil magnetic separation unit (Promega, Madison, WI). A Spectramax M2 microplate reader (Molecular Devices, Sunnyvale, CA) was used for fluorescence detection in the immunoassay. Black 96-well plates from Greiner Bioone (Monroe, NC) were used for fluorescence measurements.
Coating of magnetic luminescent nanoparticles with capture antibodies
The MLNPs (1 mg) were suspended in 1 ml of 25 mmol L À1 PB using ultrasonic bath. A solution of 2 mg ml À1 capture antibody (anti-rabbit, mouse, human, and/or sheep IgG) (15, 35 , and 50 ll for 30, 70, and 100 lg capture antibody/mg MLNPs coatings, respectively) was added to the particle suspension and incubated in a rotating mill overnight at room temperature. The particles were extracted from the solution on the magnetic rack and washed three times with PB.
Sandwich fluoroimmunoassays
The surface of the antibody-functionalized MLNPs (1 mg) was blocked with 1 ml of 0.2% BSA/PBS for 1 h. Each sandwich fluoroimmunoassay was performed with 0.5 mg MLNPs in a 0.5-ml total sample volume. The analyte solution (rabbit, mouse, and/or human IgG, 0.25 ml) was added to 0.25 ml of MLNP suspension to give final analyte concentration in the range of 0-120 lg ml À1 and mixed for 1 h. After isolation with the magnet, the MLNPs bearing the immunocomplex were washed three times with 0.2% BSA/PBS and incubated with 0.5 ml of 25 lg ml
À1
antibody solution (anti-rabbit IgG-Alexa 350, anti-mouse IgG-Alexa 660, anti-human IgG-Alexa 488) for 1 h. The resulting sandwich-conjugated MLNPs were magnetically extracted and washed three times. Then the nanoparticles were resuspended in 100 ll PBS and the fluorescence was read on a plate reader. Both Eu:Gd 2 O 3 and Alexa Fluor 350 were excited at 350 nm and their emission spectra were detected in the interval 430-650 nm. Alexa Fluor 488 and 660 were excited at 485 and 630 nm, respectively, and the emission spectra were detected in the intervals 510-600 nm and 680-800 nm. The maximum emissions at 610, 450, 525, and 690 nm, respectively, were used for quantitative analysis. Negative controls were prepared by using sheep IgG-coated magnetic nanoparticles. Samples were run in triplicates.
Results and discussion
Magnetic luminescent nanoparticles
We have used flame spray pyrolysis as a low-cost and flexible synthesis method for the preparation of novel magnetic luminescent nanoparticles consisting of magnetic cores of iron oxide doped with cobalt and neodymium (Co:Nd:Fe 2 O 3 ) encapsulated in luminescent shells of europium-doped gadolinium oxide (Eu:Gd 2 O 3 ) [22] . The MLNPs used in this work have diameters in the range of 200-400 nm. The saturation magnetization of the nanoparticles is $4 emu/g; they can be easily separated from solution by commercial magnetic extractors commonly used in bioanalysis. In addition, the MLNPs offer a large Stokes shift (UV excitation and red emission peak centered at 615 nm), long fluorescence life time (about 1-2 ms), and inherent photostability. In Fig. 1 the fluorescence emission spectrum of the MLNPs is compared to those of commercial magnetic polystyrene microbeads dyed with organic fluorophores. The MLNPs have significantly narrower fluorescent emission (full-width halfmaximum less than 20 nm) than fluorescent dyes, making them suitable for bioassays with multicolor detection. In addition, due to the long lifetime emission of the Eu 3+ ion, the signal of the MLNPs can be measured in a time-gated detection mode, independent of other fluorophores.
Detection principle
The MLNP-based immunoassay for the simultaneous detection of multiple proteins is presented in Fig. 2 . The new fluorescent immunoassay involves a dual binding event on the surface of the MLNPs for each analyte. The target proteins are captured by the antibodies immobilized on the surface of the MLNPs. After incubation with reporter antibodies (dye-labeled secondary antibodies) and consecutive magnetic separation, the MLNP-immunocomplex is subject to fluorescent detection. Recognition of each protein yields a distinct fluorescent peak, whose position and intensity reflect the identity and the concentration of the corresponding analyte. For quantitative evaluation the intensity of this fluorescent peak (I reporter ) is related to the intensity of the MLNP emission (I Eu ). The ratio I reporter /I Eu is directly proportional to the analyte concentration. In this way, the intrinsic luminescence of the magnetic nanoparticles serves as an internal standard in the quantitative immunoassay. This approach eliminates the experimental errors due to possible variability in the amount of particles due to weighing, magnetic particle extraction, and washing between incubations. The measured signal is relative instead of absolute, with the Eu signal as a measure of the amount of particles (and hence primary antibodies) used in the assay. In contrast to the direct fluorescent measurements, the ratio I reporter /I Eu will not be affected even by a substantial particle loss in any of the assay steps. This approach gives real quantitative meaning to the fluorescent signal intensity. The effect of the internal calibration on assay precision has already been demonstrated in our recent work [22] . Here we employed the power of the internal standard calibration to develop a model multiplexed system for the simultaneous detection of IgG molecules (rabbit, mouse, and human). As fluorescent reporters we used Alexa Fluor dyes because their antibody conjugates are commercially available and have excellent fluorescent properties, such as brightness, photostability, and pH insensitivity [23, 24] .
Individual assays
Single assays were performed for each of the three analytes to ensure that the antibody pairs would be useful in a multicolor multianalyte study. In these assays, only the appropriate capture antibody and unmixed analyte (rabbit, human, and mouse IgG) were applied, and the signal was detected by the corresponding secondary antibody (antirabbit IgG-Alexa 350, anti-human IgGAlexa 488, and anti-mouse IgG-Alexa 660, respectively). The MLNPs were coated with the specific capture antibody using the direct coating method based on spontaneous physical adsorption according to our previously reported procedure [22, 25] . This method of protein coating has been reported also for dye-doped silica particles [26] , silole nanocrystals [27] , and quantum dots [28, 29] . Although it is believed that the protein adsorption on the nanoparticle surface is due to hydrophobic and/or electrostatic forces, the exact mechanism is not yet fully elucidated. Fig. 3A , C, and E represent the standard curves obtained for each analyte (rabbit, human, and mouse IgG) in a single immunoassay. The standard curves are expressed as a ratio between the fluorescent intensity of each Alexa dye and the intensity of the Eu signal of the MLNPs. The corresponding spectra of the Alexa label and the Eu signal of the MLNPs are presented in Fig. 3B , D, and F, respectively. Well-defined peaks proportional to the concentration of the corresponding analyte were observed. The best signal-to-noise ratio was observed for the human IgG assay (S/N$15), followed by the rabbit assay (S/N$13). The mouse immunoassay has S/N$7. We can explain these differences with reference to the different properties of the three Alexa dyes (extinction coefficient, quantum yield, degree of labeling). In all cases, no response was observed for the corresponding control experiment with nonspecific capture (sheep) antibody. This reflects the effective magnetic separation that, combined with blocking of the nanoparticles surface with BSA and effective washing, eliminates nonspecific adsorption effects.
The assays were optimized with regard to the amount of capture antibody on the surface of the MLNPs and the reporter (secondary) antibody concentration. As an example, Fig. 3A shows the standard curves for rabbit IgG when different amounts of capture antibody (30, 70, and 100 lg mg À1 MLNP) were used for a fixed secondary antibody concentration (25 lg ml À1 ). It can be observed that a high S/N ratio can be achieved at a coating concentration of 70 lg mg À1 MLNP. No further increase in S/N was seen at 100 lg mg À1 MLNP, thus 70 lg mg À1 MLNP concentration was chosen for the multiplexed assay.
Multiplexed assay
Simultaneous detection of three analytes was performed by an all-in-one reaction. As the nanoparticles provide an enormous surface for the immobilization of capture antibodies, they could be coated with the three types of capture antibodies (equimolar amount = 70 lg mg À1 MLNP). In this way, only one reagent needs to be used as a MLNP probe for multiplexed analysis. After extraction of the three analytes (rabbit, human, and mouse IgG) from the sample, the MLNPs were incubated with an equimolar mixture of the secondary antibodies (25 lg ml À1 each). The calibration graph for the multiplexed fluoroimmunoassay is presented in Fig. 4 . It can be observed that the multiplexed standard curves are very similar to those for the corresponding single analyte assays. A negative control experiment showed negligible nonspecific interactions. The highest sensitivity was obtained for the human IgG assay with limit of detection (LOD) of 0.2 lg ml À1 (LOD is defined as 10% of the maximum signal), followed by rabbit IgG with LOD of 1 lg ml -1 and mouse IgG with LOD of 2 lg ml À1 . Additionally, the LODs for the three assays were estimated as the concentrations corresponding to the signal of the blank control (the mean value of zero analyte concentration plus three times the standard deviation of six blank measurements): 0.3 lg ml À1 human IgG, 1.2 lg ml À1 rabbit IgG, and 1.8 lg ml À1 mouse IgG. In these proof-of-principle experiments, the limits of detection were acceptable for multiplexed detection of the model analytes. Further improvement in sensitivity could be achieved using other reporters and optimizing the reaction conditions for a specific target protein. Cross-reactivity was not observed because each capture and detecting antibody had been preadsorbed against the remaining serum proteins (e.g., the antibody used in the rabbit assay was preadsorbed against mouse, human, and bovine proteins). We used tunable excitation: each dye was individually excited at a specific wavelength, thus avoiding the need for deconvolution. Fluorescence readout is performed in seconds resulting in a very short analysis time. Because of the internal calibration (the average fluorescence per Eu nanoparticle per well and not the total fluorescence per well is considered), the total number of nanoparticles per well does not need to be rigorously controlled. In the fluorescence measurements, many MLNPs are interrogated and the signal obtained is statistically representative, resulting in better precision [22] . We note that signal amplification of the reporter was observed due to the large surface of the MLNPs per well. The same format in a heterogeneous fluorescent immunoassay was not possible on the surface of a microtiter plate because very weak fluorescence was detected. Because generic reagents such as dye-labeled antibodies were used, the assay can be easily performed with commercially available products and with simple instrumentation such as magnetic extractors and plate readers. QDs or other lanthanide particles can be used as secondary labels if one excitation source is required.
Conclusion
Magnetic luminescent Co:Nd:Fe 2 O 3 /Eu:Gd 2 O 3 nanoparticles can be used as carriers for multiplexed nanobead assays for multiprotein detection with internal calibration. MLNPs have three main functions: (1) a probe for specific extraction of multiple target analytes from a sample, (2) a carrier in quantitative immunoassays with magnetic separation; and (3) an internal standard in fluorescence measurement of multiple reporters. The MLNPs serve as an internal control for the total analysis including extraction and assay performance. In this method numerous beads are evaluated in a well, thereby increasing the redundancy of results and decreasing the chances of both false positives and false negatives. Simple instrumentation such as plate readers can be used. The multiplexed assay format could be easily performed in 96-or 384-well microplates with complete automation of all steps of the protocol. Our approach represents a new platform for a multiplexed immunoassay with the potential for integration into highthroughput protein arrays or miniaturized devices for clinical diagnostics. The internal calibration concept presented in this work would be crucial for detection systems where a variable excitation source such as a laser is used. Furthermore, MLNPs with different emission wavelengths can be easily obtained by controlled doping of different lanthanide ions (e.g., Eu and Tb) into the host material, making them very attractive as a ''bar-coding'' tool. The ability to use the MLNPs for both separation and detection makes them valuable tools for a wide range of biotechnology applications, such as carriers with magnetic orientation and fluorescence tracers for potent drug targeting.
